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Midwestern cropping system effects on drainage water quality and crop yields 
Abstract 
Grain producers are challenged to maximize crop production while utilizing nutrients efficiently and 
minimizing negative impacts on water quality. There is a particular concern about nutrient export to the 
Gulf of Mexico via loss from subsurface drainage systems. The objective of this study was to investigate 
the effects of crop rotation, tillage, crop residue removal, swine manure applications, and cereal rye 
(Secale cereale) cover crops on nitrate‐N (NO3‐N) and Total Reactive P (TRP) loss via subsurface 
drainage. The study was evaluated from 2008 through 2015 using thirty‐six 0.4‐ha plots outfitted with a 
subsurface drainage water quality monitoring system. Results showed that when swine manure was 
applied prior to both corn (Zea mays L.) and soybean (Glycine max (L.) Merr.), drainage water had 
significantly higher eight‐yr‐average flow‐weighted NO3‐N concentrations compared to swine manure 
applied before corn only in a corn‐soybean (CS) rotation. The lowest NO3‐N loss was 15.2 kg N ha−1 yr−1 
from a no‐till CS treatment with rye cover crop and spring application of urea ammonium nitrate (UAN) to 
corn. The highest NO3‐N loss was 29.5 kg N ha−1 yr−1 from swine manure applied to both corn and 
soybeans. A rye cover crop reduced NO3‐N loss, whereas tillage and residue management had little 
impact on NO3‐N loss. Losses of TRP averaged < 32 g P ha−1 yr−1 from all treatments. Corn yield was 
negatively affected by both no‐till management and cereal rye cover crops. Results showed that cropping 
management affected N leaching but impacts on P leaching were minimal. 
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Core ideas 
 
Cereal rye cover crops reduced nitrate-N concentrations in subsurface drainage water. 
Nitrate-N leaching was not significantly impacted by tillage or residue removal. 
Cropping and nutrient management practices had minimal impact on Total Reactive P leaching. 
Corn yield was negatively affected by both no-till management and cereal rye cover crops. 
 
Midwestern Cropping System Effects on Drainage Water Quality and Crop Yields 
Brian W. Dougherty,* Carl H. Pederson, Antonio P. Mallarino, Daniel S. Andersen, Michelle L. 
Soupir, and Ramesh S. Kanwar, Matthew J. Helmers 
Affiliations: Carl H. Pederson, Daniel S. Andersen, Michelle L. Soupir, Ramesh S. Kanwar, and Matthew J. 
Helmers, Dept. of Agricultural and Biosystems Engineering, Iowa State University, 1340 Elings Hall, 605 Bissell 
Rd. Ames, IA 50011; Antonio P. Mallarino, Dept. of Agronomy, Iowa State University, 3216 Agronomy Hall, 716 
Farm House Ln. Ames, IA 50011; Brian W. Dougherty, Iowa State University Extension and Outreach, 14858 
West Ridge Lane, Suite 2, Dubuque, IA 52003. *Corresponding author (brian1@iastate.edu). 
Abbreviations: CC, continuous corn; CS, corn-soybean rotation; FM = Fall Manure; FWANC, flow-weighted 
annual nitrate-N concentration; NO3-N, nitrate-nitrogen; NT, no-tillage; TRP, Total Reactive Phosphorus; +R = 
Rye cover crop; SU = Spring UAN; -S = Stover removal; UAN, urea-ammonium nitrate. 
  
 
This article is protected by copyright. All rights reserved. 
2 
ABSTRACT 
Grain producers are challenged to maximize crop production while utilizing nutrients efficiently and 
minimizing negative impacts on water quality. There is a particular concern about nutrient export to the Gulf 
of Mexico via loss from subsurface drainage systems. The objective of this study was to investigate the effects 
of crop rotation, tillage, crop residue removal, swine manure applications, and cereal rye (Secale cereale) cover 
crops on nitrate-N (NO3-N) and Total Reactive P (TRP) loss via subsurface drainage. The study was evaluated 
from 2008 through 2015 using thirty-six 0.4-ha plots outfitted with a subsurface drainage water quality 
monitoring system. Results showed that when swine manure was applied prior to both corn (Zea mays L.) and 
soybean (Glycine max (L.) Merr.), drainage water had significantly higher eight-yr-average flow-weighted NO3-
N concentrations compared to swine manure applied before corn only in a corn-soybean (CS) rotation. The 




 from a no-till CS treatment with rye cover crop and spring application 




 from swine manure 
applied to both corn and soybeans. A rye cover crop reduced NO3-N loss, whereas tillage and residue 




 from all treatments. 
Corn yield was negatively affected by both no-till management and cereal rye cover crops. Results showed that 
cropping management affected N leaching but impacts on P leaching were minimal.          
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Water table management through the use of artificial subsurface drainage has resulted in 
very productive lands in areas with poorly drained soils. In the Upper Mississippi River watershed, 
subsurface drainage systems were installed to convert the prairie-wetlands landscape into 
agricultural production areas. Iowa, Illinois, Indiana, Ohio, and Minnesota have approximately 38.7 
million hectares (40% of total cropland) with artificial subsurface drainage (USDA NASS, 2014). 
Agricultural drainage systems allow for timely field operations and protect crops from extended 
periods of high water table conditions. Improving subsurface drainage typically reduces surface 
runoff, which can have higher concentrations of sediment, P, ammonium-nitrogen, bacteria, and 
some pesticides than subsurface drainage (Gilliam et al., 1999; Baker et al., 2004).  
The tradeoff for improved subsurface drainage is an increase in nitrate-N (NO3-N) and 
soluble P  losses (Gilliam et al., 1999; Ohio EPA, 2013). Nitrogen and phosphorus from fertilizer, 
manure, or derived from soil organic matter can be carried with drainage water in quantities that 
may have detrimental effects downstream. The movement of N from agricultural fields via 
subsurface drainage waters is a major factor in nonpoint source pollution of surface waters and 
ultimately the Gulf of Mexico, where it has been implicated as a primary contributor to the hypoxic 
zone (Rabalais et al., 1996; Mitsch et al., 2001). The environmental impacts of subsurface drainage 
depend on the agronomic practices implemented, as well as site, soils, and climatological factors.  
Research findings on the impact of tillage on nutrient losses via subsurface drainage have 
been mixed. Thoma et al. (2005) found no difference in NO3-N concentrations when comparing 
moldboard plowed to chisel plowed treatments. Some studies comparing chisel plowing to no-till 
(NT) have found little to no difference in NO3-N leaching (Logan et al., 1994; Fox et al., 2001). Other 
research found lower NO3-N concentrations in subsurface drainage from NT compared to other 
tillage systems with similar cropping rotations (Angle et al., 1993; Kanwar et al., 1997; Rekha et al., 
2011). A central Iowa study showed significantly lower seasonal and annual NO3-N concentrations 
and overall N losses with NT compared to a chisel plowed treatment (Waring, 2016). However, NT 
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systems can have greater water infiltration and overall drainage flows compared to conventional 
tillage (Bjorneberg, 1995). This can lead to similar N loss in both systems even with lower NO3-N 
concentrations in NT. Nitrogen mineralization and cycling will also differ between tilled and NT 
systems (Kristensen et al., 2003; Wyngaard et al., 2016), which could lead to spatial and temporal 
differences in N loss via subsurface drainage.    
The source of N, rate of application, and crop rotation sequence can also affect NO3-N 
losses. Lawler et al. (2011) reported no difference in flow-weighted NO3-N concentrations between 
fall and spring applications of aqua-ammonia applied at 168 kg N ha-1 or liquid swine manure at 218 
kg N ha-1, and higher NO3-N concentrations with spring application of aqua-ammonia at 252 kg N ha
-
1. Studies have found that when manure was applied to soybeans at a rate of 219 kg N ha-1 (Bakhsh 
et al., 2009) or 168 kg N ha-1 (Lawlor et al., 2011), there was a statistically significant increase in 
drainage water NO3-N levels when compared to corn (Zea mays L.) –soybean (Glycine max (L.) Merr.) 
rotations that received liquid swine manure prior to corn only in a corn-soybean (CS) rotation. 
Kanwar et al. (1997) found a trend for increased NO3-N concentrations from continuous corn (CC) 
compared to CS rotations.  
Cover crops may change the N input and water and N consumption patterns, which have 
potential to affect NO3-N loss through drainage. In the Midwestern U.S., cereal rye (Secale cereale) is 
the main annual winter cover crop. Total N uptake by rye in spring has been reported to be 9 to 60 
kg N ha-1 in Nebraska, 21 to 74 kg N ha-1 in Minnesota, 9 to 34 kg N ha-1 in Wisconsin, 35 to 51 kg N 
ha-1 in Illinois, and 14 to 32 kg N ha-1 in Iowa (Kessavalou and Walters, 1999; Ruffo et al., 2004; 
Andraski and Bundy, 2005; De Bruin et al., 2005; Qi et al., 2011). Kaspar et al. (2007) reported rye N 
uptake of 48 kg N ha-1 with rye terminated in late April and early May in Iowa. Reduction of drainage 
and soil water content in cereal rye was observed in a field study using confined non-weighing 
lysimeters (Qi and Helmers, 2010). In field studies on a plot-scale, Strock et al. (2004) found that 
drainage and NO3-N loss in rye treatment was reduced by 11% and 13%, respectively. Kasper et al. 
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(2007) reported that the difference was not significant between cumulative drainage in rye and 
control treatments, but the rye cover crop decreased the flow-weighted average NO3-N 
concentration by 59% and NO3-N loss by 61%. Qi et al. (2011) found that rye cover crops had no 
significant effect on subsurface drainage flows or overall N losses, but reduced NO3-N concentrations 
during certain periods of the growing season. There are conflicting results on the impact of a cover 
crop on the yield of the main crop, with some research finding a reduction of 5 to 22% (Mcdonald et 
al., 2008), some an increased corn yield (Andraski and Bundy, 2005), and most no significant 
difference (Ritter et al., 1998; Strock et al., 2004; De Bruin et al., 2005).  
Phosphorus loss through subsurface drainage is also a concern due to the potential for 
eutrophication of waterways. Total P concentrations above 20 µg P L-1 can cause increased 
eutrophication in lakes (Sharpley et al., 2003). Discharge from subsurface drainage lines has been 
shown to account for up to half of total P losses (Smith et al., 2015), and can regularly exceed 20 µg 
L-1 concentrations (King et al., 2015). Phosphorus losses to both surface water (Daloğlu et al., 2012) 
and drainage water (Jarvie et al., 2017) are related to land management and precipitation patterns. 
Manure application has also been shown to affect P leaching losses (van Es et al., 2004) and the 
solubility of soil P, which has implications for P losses (Sharpley et al., 2004). Significant buildup of P 
in soil and sediments over time, referred to as legacy P, has led to concern about the impacts from 
long term releases of P on water quality (Jarvie et al., 2013; Sharpley et al., 2013). Much of the 
research on P losses has been done in the Great Lakes and Chesapeake Bay regions. Long term data 
is needed to assess P losses through subsurface drainage in Iowa, where soils and climatic conditions 
are different.  
With conflicting research results and continuing pressure on producers to reduce nutrient 
losses from cropland, further investigations on the long-term impacts of cropping practices on 
nutrient loss through drainage systems are needed. The objectives of this study were to evaluate the 
concentrations and total losses of NO3-N and  TRP in subsurface drainage water and grain yields 
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resulting from (i) swine manure applications to corn only or both corn and soybeans in a CS rotation, 
(ii) no-till vs. tillage, (iii) stover removal in CC, and (iv) use of cereal rye as a cover crop.  
MATERIALS AND METHODS 
Site Description 
Experimental data were collected at the Iowa State University Northeast Research and 
Demonstration Farm near Nashua, IA. Subsurface drains were installed in thirty-six 0.4-ha plots (70 
m x 57 m) in 1979 and retrofitted with a water quality monitoring system in 1988. Each of the plots 
was drained separately via subsurface drain lines installed in the center of each plot at a depth of 1.2 
m with a drain spacing of 28.5 m. A detailed description of the soils and subsurface drainage system 
can be found in Kanwar et al. (1997) and Kanwar et al., (1999) respectively.  
Experimental Design and Treatments 
The management systems for this experiment were established in 2007 using a randomized 
complete block design with six treatments and three replications (blocks). Treatment details are 
shown in Table 1. Treatment abbreviations are: FM = Fall Manure, SU = Spring UAN, CC = Continuous 
Corn, NT = No-Till, -S = Stover removal, and +R = Rye cover crop. The target N application rate in kg N 
ha-1 for each treatment is also given in the abbreviation. One of the CC treatments (FM224CC-S) had 
approximately 30% of the corn stover removed in the fall after harvest. All other treatments were 
managed with a CS rotation with both crops of the rotation present each year. For treatments 
managed with tillage, the plots with corn residue were chisel plowed in the fall after corn harvest 
and both corn and soybean plots were field cultivated in the spring before planting the crops.  
Liquid swine manure was obtained from a growing-finishing swine facility. Manure 
application rates were estimated with an initial sampling from the manure pit and the actual N, P, 
and K application rates were determined with manure samples taken from the agitated manure 
application tank the day the manure was applied. The manure was injected after crop harvest in late 
in the fall when soil temperatures were below 10°C. The target N application rate for FM168 
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treatments was 168 kg N ha-1 of total manure N. The FM168/112 treatment also received 112 kg N 
ha-1 prior to soybeans. No N was applied to soybeans in any of the other treatments. Continuous 
corn treatments received yearly fall applications of manure at a target rate of 224 kg N ha-1. 
Supplemental Table S-1 shows the actual amounts of N, P, and K applied with manure by year for all 
FM treatments. The SU168 treatment received spring applications of either 28% or 32% urea 
ammonium nitrate solution (UAN) to corn at a target rate of 168 kg N ha-1 approximately three 
weeks after corn was planted. The actual amount of N applied with UAN was 173 kg N ha-1 in SU168 
and 174 kg N ha-1 in SU168NT+R averaged over 8 years. Prior N management in all treatments was 
the same as reported here going back to the year 2001, with the exception of fall manure prior to 
soybeans in FM168/112 being a new treatment in 2008. Additional agronomic details are provided in 
the supplemental material. 
Soil, Plant, and Drainage Sampling 
Drainage water from each plot drains to a sump equipped with a sump pump and flow 
meter. Approximately 0.2% of the water pumped from the sump flowed through a 5-mm diameter 
orifice and polyethylene tube to a water sample bottle each time the pump emptied the sump 
water. Flow meter readings (cumulative subsurface drain flows) were recorded weekly and sample 
bottles were removed for nutrient analysis weekly from mid-March to the beginning of December 
during the study period. There was no drainage flow due to frozen conditions the remainder of the 
year. Details regarding sample analysis are included in the supplemental material. Samples of rye 
cover crop biomass were taken to quantify total N in aboveground plant material each spring prior 
to its termination with glyphosate. Sampling of biomass took place in four random locations in each 
plot from 0.5 m2 areas. Grain yields were determined by averaging three yield check strips from each 
plot and were adjusted to a moisture content of 15% for corn and 13% for soybeans. Grain, corn 
stover, and cereal rye plant samples were analyzed for total N, P, and K (Zarcinas et al., 1987).  
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Partial N and P budgets were developed using data from the research site. Total N and P 
applied is the 8-yr average from swine manure, UAN, and P2O5 fertilizer applications. Biological N 
fixation (BNF) in soybeans is estimated using midrange values from Salvagiotti et al. (2008). An 
estimate of 58% of total plant N uptake (81% of grain N) from BNF was used for unfertilized 
soybeans, and a value of 52% of total plant N uptake (72% of grain N) from BNF in fertilized soybeans 
was used for the FM168/112 treatment. Total N and P removed is the sum of N and P exported in 
grain, stover (FM224CC-S only), and losses via drainage water. Atmospheric deposition, 
denitrification, erosion, and other fluxes were not accounted for. 
Data Management and Statistical Analysis 
 Subsurface drainage flow depth (cm) for each plot was calculated by dividing total flow 
volume by drainage area. The annual NO3-N and TRP loss via subsurface drainage water in kg ha
-1 
was calculated by multiplying the concentrations (mg L-1) with the drainage flow depth for each 
interval of sampling. Annual flow-weighted NO3-N and TRP concentrations were calculated by 
dividing the total N load by total drainage depth from that same period. In the CS rotations, data 
from the three replicates of each crop and treatment were averaged to determine the overall value 
for each crop, and data from all six plots were averaged to determine the overall treatment effect 
for the rotation. Statistical analysis was done with SAS™ software version 9.4 (SAS Institute, 2015). 
Subsurface drainage flow depths, NO3-N concentrations and losses, cereal rye biomass, and corn and 
soybean grain yields were analyzed using PROC GLM assuming fixed block and treatment effects. 
Comparisons among treatments were tested at 5% significance level using Fisher’s LSD method only 
when the treatment’s main effect was significant at P ≤ 0.05. Concentrations of TRP were analyzed 
with PROC LIFEREG in SAS, which uses a Tobit regression to model censored values that were below 
the minimum standard for the analysis equipment. The modeled values were used to estimate flow-
weighted TRP concentrations. Comparisons were made using the Tukey HSD method with P ≤ 0.05.  
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RESULTS AND DISCUSSION 
Precipitation 
Precipitation amounts during the growing season for the years 2008 through 2015 with a 
comparison to the 1986 to 2015 average are provided in supplemental material Table S-2. Eight-yr 
average precipitation was 76.8 cm, which was slightly higher than the 30-yr average of 75.4 cm. The 
8-yr trend was toward more precipitation in April through June and less in July through September 
compared to the 1986 to 2015 average. Overall, this 8-yr period had a range of precipitation 
conditions, with 2008 and 2013 receiving more than 110% of the 30-yr average precipitation, and 
2011 and 2012 receiving less than 90% of the 30-yr average. 
Cereal Rye Biomass 
Cereal rye agronomic data, aboveground biomass, and nutrient uptake is detailed in 
supplemental material Table S-3. Rye biomass growth preceding the soybean crop was significantly 
greater than growth preceding the corn crop in 2011 through 2013, with the remainder of the years 
showing no significant difference. The 8-yr average biomass growth was not significantly different 
preceding corn vs. soybeans. When averaged over the 8-yr study, the difference in N and P uptake 
preceding corn vs. soybeans was not significant at P ≤ 0.05.  
Drainage Flow  
 Subsurface drainage flow depths for each treatment are shown in supplemental material 
Table S-4. Eight-yr average drainage depth from all plots was 14.1 cm, though there was significant 
plot-to-plot variation in flow. No drainage flow was recorded in January or February of any year. The 
FM168NT and SU168NT+R treatments had significantly greater 8-yr average flow depth than 
FM168/112 and SU168, respectively, suggesting that NT may have led to increased drainage flows in 
this case. Comparing the two NT treatments, SU168NT+R had a significantly lower flow compared to 
FM168NT in soybeans but not corn. Averaging across the site and years, approximately 18% of total 
growing season precipitation ended up as subsurface drainage flow. There was a strong correlation 
(R2 = 0.78) between annual precipitation and annual average drainage flow from both corn and 
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soybean plots. Flow was consistently greater in soybean plots compared to corn plots, possibly due 
to differences in precipitation timing vs. evapotranspiration losses in soybeans compared with corn. 
Considerable plot-to-plot variation in flow depth was observed, probably due to differing soil types 
and topography, which was only partially accounted for by the experimental design blocking. 
Nitrate-N Loss with Drainage 
The effects of treatments on flow-weighted annual average NO3-N concentrations (FWANC) 
in subsurface drainage water are summarized in Table 2. Eight-yr average FWANC in drainage from 
plots receiving fall-applied swine manure were higher in comparison to plots receiving spring UAN. 
The SU168NT+R treatment had the lowest FWANC concentrations, with an 8-yr average of 10.4 mg 
N L-1 in corn plots and 9.6 mg N L-1 in soybean plots. FM168/112 had consistently higher FWANC in 
drainage compared to all other CS rotations. Applying fall manure to both corn and soybeans vs. only 
to corn resulted in 31% higher FWANC with the application to both crops. The 8-yr average for 
FM168/112 was 27.4 mg N L-1 in corn plots and 19.4 mg N L-1 in soybean plots. Comparing results 
from the SU168 treatments, there was a significantly lower FWANC for SU168NT+R, where the rye 
cover crop was used. Combining data across the corn and soybean phases of the rotation shows 
approximately 30% lower FWANC with the rye cover crop. The FWANC was not affected by the 
tillage comparison between FM168 and FM168NT or the corn grain vs. grain plus stover harvest 
between FM224CC and FM224CC-S. 
Annual and 8-yr average NO3-N losses in kg N ha
-1 from all treatments are shown in 
supplemental material Table S-5. On an annual basis, no clear trends were observed over time 
indicating that the treatment effects were not consistent for the different years. The greatest losses 
occurred in 2013, where May and June precipitation was considerably higher than average. On 
average across the 8 years, the FM168 treatments had a significantly higher NO3-N loss in 
comparison to the SU168 treatments in the corn phase of the rotation. Applying fall manure to both 
corn and soybeans vs. only to corn resulted in an average NO3-N loss increase of 17%.  
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Cumulative N losses averaged across rotations over the 8-yr period are shown in  Fig. 1. 
There was no significant difference between the FM168 and FM168NT treatments, suggesting that 
tillage did not significantly affect N loss. The highest and lowest combined rotation losses were in 
FM224CC and SU168NT+R, with an average of 34.4 and 15.2 kg N ha-1 yr-1, respectively. Cumulative 
N losses from FM224CC and FM224CC-S were not significantly different. 
Some combinations of different nutrient sources, application rates, and application timing 
had a noticeable effect on NO3-N concentrations and losses in subsurface drainage water. The 
increase in FWANC and total N loss with manure application vs. UAN fertilizer observed in this study 
may be due in part to different application timing because the manure was applied in the fall and 
the UAN was applied in the spring three weeks after corn planting. Fall applied N is present in the 
soil for a longer period with no crop N uptake and has more time to leach through the soil profile 
compared to spring application. It should be noted that fall swine manure was applied at 
inconsistent N rates within (Table S-1) and across the treatments and years, which could add to the 
variation in NO3-N concentrations and N losses over time. The years 2008 through 2011 had 
substantially lower actual N application from swine manure than the target rate for most 
treatments. The actual N rate from manure was substantially higher than the target for most 
treatments in 2013 and 2015. The 8-yr average N rate from manure was close to the target N rate in 
CS treatments but was below the target N rate in CC.   
Bakhsh et al. (2009) reported an 80% increase in FWANC with fall manure on both corn (177 
kg N ha-1) and soybeans (219 kg N ha-1) compared to corn only at the same research site. Here we 
saw a 31% increase with 112 kg N ha-1 applied to soybeans. The lower manure application rate to 
soybeans reduced FWANC compared to the FWANC with a higher application rate, although it still 
resulted in increased leaching compared to no manure application. These results suggest that fall 
application of manure to soybeans in a CS rotation should be minimized or avoided where NO3-N 
leaching via subsurface drainage is a concern. 
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No-till and conventional tillage with fall applied manure resulted in similar NO3-N leaching 
losses in this study. Comparing FM168 and FM168NT, the NT plots had significantly greater 
subsurface drainage flows and somewhat lower FWANC (Table 2) in the weekly water samples. This 
resulted in similar overall N loss in kg ha-1. Loss of N via leaching is a function of both flow volume 
and N concentration in the drainage water. Thus, one treatment can have a lower NO3-N 
concentration and a higher flow volume than another but still have the same total N loss on a mass 
basis. This pattern also occurred with spring UAN application in the SU168 treatments. The 
SU168NT+R treatment had a significant reduction in FWANC and a significant increase in 8-yr 
average subsurface drainage flow relative to SU168, resulting in similar overall loss of kg N ha-1. This 
could be due to SU168NT+R having NT management while for SU168 conventional tillage was used. 
The improved soil structure typically seen in NT systems can allow for greater water infiltration, with 
the tradeoff being the potential for increased leaching of NO3-N beyond the root zone. 
Comparing FWANC between SU168 and SU168NT+R treatments shows that the cover crop 
was effective in reducing NO3-N concentrations in drainage water, but not total N losses. Cover crops 
have been shown to immobilize N and reduce mineral N levels in soil (Thilakarathna et al., 2015), 
leading to less NO3-N leaching during the periods of high subsurface flow (Salmerón et al., 2010). 
This can be particularly effective for reducing NO3-N leaching during periods of no N uptake by the 
cash crop and is the likely mechanism behind reduced NO3-N concentrations observed in this study. 
There was minimal correlation between cover crop N uptake and subsequent FWANC or annual N 
loss (not shown). It is important to note that confounding of some treatments make it difficult to 
assess the precise impact of cover crops on overall N losses. The SU168 treatment was managed 
with tillage, whereas SU168NT+R was managed with NT. No-till systems can have greater 
preferential flow (Kleinman et al., 2009) and greater peak drainage flows (Kanwar et al., 1997) 
compared to systems with tillage. There was also minimal correlation between annual average 
subsurface flow and FWANC in the cover crop treatment, but a strong correlation (R2 = 0.74) 
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between subsurface flow and annual N loss on a mass basis (not shown). This suggests that N losses 
were driven primarily by precipitation and subsequent drainage flow, not cover crop N uptake or 
NO3-N concentrations in drainage water. 
Total Reactive P Loss with Drainage 
Eight-yr average flow-weighted annual TRP concentrations ranged from 3 to 19 µg P L-1 (not 
shown). No significant difference was found between any of the treatments in the CS or CC 
treatments. Flow-weighted concentrations of TRP tended to be higher in 2008 and 2013 when 
precipitation and subsurface flow was greater. In 2011, 2012, and 2014, more than 80% of the TRP 
concentrations were below the minimum detection limit of the analysis equipment. In the corn 
phase of the CS treatments, FM168 had a significantly higher loss than the other treatments. No 
significant differences were found in the soybean phase. High subsurface flow events in the spring of 
2008 and 2013 accounted for a majority of the TRP leaching. Treatment average cumulative TRP 
losses in kg P ha-1 are shown in supplemental material Fig. S-1.    
Losses and flow-weighted concentrations of TRP from subsurface drainage water were lower 
than what has been reported in studies conducted in other states. Total Reactive P losses in this 
study ranged from 0.005 to 0.031 kg P ha-1 yr-1 averaged over eight years. Long-term flow-weighted 
concentrations of TRP from subsurface flow ranged from 86 to 102 µg P L-1 in a study done in east-
central Illinois (Algoazany et al., 2007). A 3-yr study in central IA where commercial P had been 
applied saw TRP concentrations between 29 and 74 µg P L-1, with losses < 0.3 kg P ha-1 yr-1 (Daigh et 
al., 2015). This compares to a range of 4 to 19 µg P L-1 observed for 8-yr average means over 
replications across each treatment in our study.    
The lower concentrations and losses at our site could be due to differing land management 
practices, soil and subsoil physical and chemical properties, or drainage volumes. Soil P was low for 
depths below 30 cm for all treatments (not shown). A few other soils of Iowa and the Midwest have 
naturally higher subsoil P levels. Soils at the research site do not tend to exhibit shrink-swell 
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characteristics. Shrink-swell soils tend to have more macropore flow, which could lead to greater 
soluble P losses. Previous research showed that some Iowa subsoils with very low P concentrations 
can be very effective at filtering P moving laterally to tile drains (Allen et al., 2012). Although losses 
were low, there was a trend towards greater TRP losses with higher Bray-P levels in topsoil in this 
study. Soil Bray-P levels in the 0 to 15 cm layer in CC treatments are considered very high (>31 mg P 
kg-1) and we saw higher TRP losses there compared to the other treatments with Bray-P in the 
optimum (11 to 16 mg P kg-1) and high (17 to 30 mg P kg-1) ranges. Soil Bray-P test results from five 
different depths in fall of 2007 and fall of 2015 are shown in Table S-1. 
A concentration of 10 to 20 µg P L-1 can lead eutrophication of water resources, although 
this varies greatly depending on hydrological, chemical, and other properties of the receiving waters 
(Heathwaite and Dils, 2000). This suggests that even the low concentrations observed in this study 
could affect downstream water quality. A majority of the P loss in this study was the result of short 
periods (days to weeks) with high drainage volumes, typically in the spring months. Monthly average 
flow-weighted TRP concentrations reached as high as 1000 µg P L-1 from individual plots. The highest 
concentrations were observed in April 2008 during the first subsurface flow event for the growing 
season following greater than normal precipitation. The greatest mass losses of P (0.05 kg mo-1) 
occurred in April 2008 and in May 2013 when precipitation was significantly above average following 
a dry year in 2012. Subsequent sampling in 2014 resulted in concentrations that were below the 
detection limit from most plots for most of the year. This suggests that soil soluble P extraction is 
significant, and P is susceptible to leaching when there is significant vertical and lateral water flow 
through the soil profile and with high subsurface flow. Other research indicates that macropore flow 
accounts for a significant portion of this P loss with subsurface drainage (Heathwaite and Dils, 2000; 
Simard et al., 2000; Smith et al., 2015). Although loss mechanisms differ, a similar pattern was 
observed with NO3-N in this study, with minimal losses in the dry year of 2012 followed by the 
greatest mass loss in May 2013. This is in agreement with other research indicating that timing and 
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intensity of precipitation events is a significant factor affecting drainage water quality (Thoma et al., 
2005; Algoazany et al., 2007). 
Grain Yields 
Corn and soybean yields in Mg ha-1 are shown in Table 3. All CS rotation treatments with 
tillage had statistically greater 8-yr average corn yield compared to the NT treatments. Eight-yr 
average corn yields from SU168, FM168, and FM168/112 were not significantly different, with yields 
of 12.41, 11.81, and 11.94 Mg ha-1, respectively.  
Fall swine manure was applied at inconsistent N rates, which could add to the annual 
variation in corn yields in treatments receiving manure. Corn yields for SU168NT+R and FM168NT 
were not significantly different. No-till management in the FM168NT treatment resulted in a 
significant reduction in yield relative to FM168. Similarly, the combination of NT and cover crop in 
the SU168NT+R treatment led to an even greater reduction in yield relative to SU168, suggesting 
that both NT management and the cereal rye cover crop caused yield reductions in this study. In 
soybeans, 8-yr averages show that treatments where manure was applied only for the corn phase 
resulted in statistically greater soybean yield than in treatments receiving UAN. Soybean yield for 
FM168/112 was not significantly different from yield of FM168, indicating that the application of 
manure prior to soybeans did not affect soybean yield. We also saw no difference in soybean yields 
when comparing NT to tillage in the FM168NT and FM168 treatments. However, there was a 
statistically significant soybean yield decrease in the SU168NT+R treatment relative to SU168. This 
suggests that while NT did not appear to affect soybean yields in this study, there was a yield 
reduction due to the cover crop.  
Confounding management for some treatments makes it difficult to assess the direct impact 
of cover crops on yield in this study. For example, SU168 utilized UAN fertilizer with conventional 
tillage and no cover crop, whereas SU168NT+R utilized UAN with NT and cover crops. Comparing 
tillage vs. NT without cover crop with FM168 and FM168NT shows a significant yield reduction in 
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corn of approximately 0.93 Mg ha-1 with NT. This suggests that one-half or more of the 1.64 Mg ha-1 
yield reduction in SU168NT+R compared to SU168 could be due to a tillage effect, with the 
remainder due to the cover crop or some interaction of the two variables. The combination of 
northerly location, humid climate, and poorly drained soil types our research site tends to depress 
yields in NT. A literature review by DeFelice et al. (2006) found that NT generally produced similar or 
lower corn yields than conventional fall tillage in the Central and Northern U.S. No-till showed a 
slight yield advantage in well-drained soils, and a yield loss in poorly drained soils. A meta-analysis by 
Pittelkow et al. (2015) also found lower yields in multiple crops with NT use in humid climates. The 
corn yield reduction with cover crops could be due insufficient N mineralization, poor 
synchronization with corn N uptake, a deficiency of N in the soil profile after the cover crop, or some 
combination of these factors. Soybean yield was better with NT (FM168NT) compared to tillage 
(FM168), but still showed a yield loss when a cover crop is included (SU168 vs. SU168NT+R). This 
suggests a significant yield reduction in soybeans due to the cover crop. While other studies have 
seen a corn yield risk from cover crops it has been unusual to see yield loss in soybeans (Pantoja, 
2013; Moore et al., 2014). The yield drag at this site could also be due to poor planter performance 
when planting through cover crop residue and is an aspect that warrants future investigations. 
Partial Budgets for N and P  
The partial N budget in Table 4 shows negative N balances in the SU168, FM168, and 
FM168NT treatments. The SU168NT+R treatment had a zero balance due to lower yields and thus 
lower grain N removal compared to the treatments with negative balances. The FM168/112 
treatment showed a positive balance since it received a higher annual average rate of applied N than 
the other treatments, which offset the lower N fixation estimate for fertilized soybeans. The CC 
treatments both showed positive N balances. This reflects the higher rate of N application in these 
treatments as well as less grain N removed with corn relative to soybeans. The actual N balance 
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could vary considerably from these estimates depending upon BNF and other fluxes, but the partial 
budgets reflect systems that could be roughly in balance over time.  
Soil test data indicates that total carbon levels in all treatments were stable to slightly 
increasing over time (not shown). This suggests that soil N levels are also relatively stable given that 
soil C:N ratios typically do not change substantially. The P budgets shown in Table 4 follow the same 
trend, with slightly negative balances in CS rotations with the exception of FM168/112, and positive 
balances in the CC treatments. Soil Bray-P levels (not shown) correlate with the P budget, with Bray-
P decreasing in CS rotations with the exception of FM168/112 and increasing in FM224CC. The 
exception is FM224CC-S, which has a positive P budget but showed no significant change in Bray-P 
over 8 years. 
CONCLUSIONS 
Results from this study indicated that tillage had little impact on flow-weighted annual 
nitrate-N concentrations (FWANC) in a corn-soybean rotation, but a cereal rye cover crop showed 
the potential to reduce nitrate-N (NO3-N) losses due to lower FWANC in drainage water. Swine 
manure applied prior to both corn and soybeans led to an increase in FWANC compared to swine 
manure applied only before corn in a corn-soybean rotation. Total NO3-N losses were the lowest 
from a no-till rye cover crop treatment with spring application of liquid UAN and the highest from 
swine manure applied prior to both corn and soybeans. Residue removal had little impact on NO3-N 
concentrations or yields in continuous corn. The study showed minimal impact on TRP 
concentrations from any of the treatments. Total Reactive P losses from all treatments were lower 
than those reported in other Upper Midwestern studies. Few U.S. studies have reported long-term 
data on TRP loss via subsurface drainage. These results expand our knowledge of P loss dynamics 
from highly fertile Midwestern U.S. cropland. This long-term dataset comparing no-till to 
conventional tillage, manure application to both corn and soybeans, and information on cover crops 
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also provides new and valuable information about how the performance of different cropping 
systems varies over time. 
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Fig. 1. Treatment average cumulative nitrate-N losses from 2008 through 2015. Letters in parentheses denote statistical 
significance. Treatments with the same letter are not significantly different at P ≤ 0.05. SU = Spring UAN, FM = Fall 








Table 1. Experimental treatments for the 2008 through 2015 water quality study at the ISU Northeast Research Farm, 
Nashua, IA.  
Treatment Timing and 





Crop rotation Tillage 






Chisel plow corn fall 
Field cultivate spring 




Corn + Rye cover crop 
Soybean + Rye cover crop 
No-Till 
No-Till 






Chisel plow corn fall 
Field cultivate spring 






Chisel plow corn fall 
Field cultivate spring 












Continuous Corn Chisel plow fall  
Field cultivate spring 




Continuous Corn with 
  Stover removal 
Chisel plow fall  
Field cultivate spring 
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Table 2. Annual average flow weighted NO3-N concentrations in drainage water for each 
treatment. C = Corn, S = Soybean. SU = Spring UAN, FM = Fall Manure, NT = No-Till, CC 
= Continuous Corn, +R = Rye cover crop, -S = Stover removal. 
 
 Corn-Soybean Rotation Continuous Corn 
 SU168 SU168NT+R FM168 FM168/112 FM168NT FM224CC FM224CC-S 
    -------------------------- mg N L
-1 
----------------------------      ----- mg N L
-1 
----- 
2008 C 15.1bc 12.3c 17.7ab 20.3a 15.3bc 23.1a 23.0a 
 S 8.0b 8.6b 8.3b 14.2a 8.9b - - 
2009 C 12.1bc 8.9c 19.9a 20.3a 15.8ab 20.9a 17.6a 
 S 9.5a 8.3a 10.3a 11.1a 8.3a - - 
2010 C 12.3a 10.4a 12.8a 16.1a 12.8a 15.2a 16.0a 
 S 8.0b 4.4c 8.4b 14.0a 8.0b - - 
2011 C 17.8bc 9.2c 29.4a 27.7ab 20.9ab 22.3a 24.2a 
 S 13.8b 8.9c 12.4bc 18.2a 9.5c - - 
2012 C 14.0bc 8.4c 22.3ab 32.1a 23.4ab 21.9a 19.4a 
 S 19.5a 7.4c 15.7b 20.1a 13.4b - - 
2013 C 14.6c 7.7c 36.2a 38.3a 31.2b 36.6a 40.2a 
 S 23.3b 12.4c 12.2cd 34.3a 8.3d - - 
2014 C 17.7c 15.3c 30.6b 39.9a 26.2b 23.9a 25.9a 
 S 11.5b 10.1b 8.6b 17.7a 8.7b - - 
2015 C 14.7cd 10.8d 20.2ab 24.8a 19.2bc 21.1a 23.3a 
 S 16.0bc 16.3bc 20.4ab 25.8a 13.1c - - 
8-yr C 14.8c 10.4d 23.6b 27.4a 20.6b 23.1a 23.7a 
 S 13.7b 9.6c 12.0bc 19.4a 9.8c - - 
8-yr C+S 14.3c 10.0d 17.8b 23.4a 15.2bc 23.1a 23.7a 
Means with the same letter within each year and crop are not significantly different at P ≤ 0.05. 
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Table 3. Corn and soybean yields for the years 2008 through 2015. C = Corn, S = Soybean, SU = Spring UAN, FM = Fall 
Manure, NT = No-Till, CC = Continuous Corn, +R = Rye cover crop, -S = Stover removal. 
 -------------------  Corn-Soybean Rotation ------------------ ---- Continuous Corn ---- 
 SU168 SU168NT+R FM168 FM168/112 FM168NT FM224CC FM224CC-S 
  ----------------------------------------  Mg ha
-1
 ---------------------------------------------- 
2008 C 11.76a 10.65b 8.84c 8.88c 7.77d 6.49e 5.94e 
 S 4.04c 3.42d 4.23a 4.20ab 4.07bc - - 
2009 C 14.02a 11.96d 12.89bc 13.38ab 11.68de 10.96e 12.28e 
 S 3.71c 3.52d 4.30a 4.34a 4.14b - - 
2010 C 12.13a 9.80c 11.85a 12.27a 9.60c 10.09c 11.15b 
 S 4.29a 3.65b 4.48a 4.56a 4.44a - - 
2011 C 13.63a 11.41d 13.19ab 13.70a 12.53b 11.68cd 12.38bc 
 S 4.30b 4.12b 4.59a 4.68a 4.55a - - 
2012 C 9.87bc 8.23d 11.00a 9.59c 10.86a 10.84a 10.51ab 
 S 3.50cd 3.34d 3.71bc 3.89b 4.21a - - 
2013 C 13.69a 11.96b 10.89c 11.32bc 9.98d 9.57d 11.11bc 
 S 4.18b 4.03b 3.90b 4.18b 4.56a - - 
2014 C 10.76ab 9.61c 10.77ab 11.62a 9.94bc 9.52cd 8.60d 
 S 3.47b 3.34b 4.79a 4.81a 4.86a - - 
2015 C 13.42c 12.52d 15.02a 14.77ab 14.70ab 14.38b 14.55ab 
 S 4.32b 3.99c 4.70a 4.35b 4.66a - - 
8-yr C 12.41a 10.77b 11.81a 11.94a 10.88b 10.44b 10.81b 
 S 3.97b 3.68c 4.34a 4.38a 4.44a - - 
Means with the same letter within each year and crop are not significantly different at P ≤ 0.05. All 
treatments were evaluated together. Yields were adjusted to a moisture content of 15% for corn and 
13% for soybeans. 
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Table 4. Eight-yr average partial N and P balance for the years 2008 through 2015. SU = Spring UAN, FM = Fall Manure, 
NT = No-Till, CC = Continuous Corn, +R = Rye cover crop, -S = Stover removal. 
 -------------------  Corn-Soybean Rotation ------------------ ---- Continuous Corn ---- 
 SU168 SU168NT+R FM168 FM168/112 FM168NT FM224CC FM224CC-S 





+ Applied N 88 88 79 131 82 205 206 
+ N fixation 
soybeans (est) 
80 75 90 81 92 - - 
- Grain N (corn) 63.8 54.6 57.3 59.1 51.8 104.4 104.8 
- Grain N (soy) 99.1 93.2 110.9 112.3 113.7 - - 
- Stover N - - - - - - 17 
- Drainage N 15.6 15.2 25.1 29.5 28.1 34.4 26.7 
Total N removal 178.5 163.0 193.3 200.9 193.6 138.8 148.5 
Annual avg.  
N balance  
-11 0 -24 11 -20 66 58 





+ Applied P 10 10 18 31 19 47 47 
- Grain P (corn) 14.3 12.4 13.9 14.4 13.0 25.4 25.9 
- Grain P (soy) 9.6 9.0 10.6 10.1 10.8 - - 
- Stover P - - - - - - 4 
- Drainage P ns ns ns ns ns ns ns 
Total P removal 23.9 21.4 24.5 24.5 23.8 25.4 29.9 
Annual avg. 
P balance 
-13.9 -11.4 -6.5 6.5 -4.8 21.6 17.1 
ns = not significant 
 
